The aim of this study was to determine if pulsed high-intensity focused ultrasound (HIFU) exposures could enhance tumor uptake of 111 In-MX-B3, a murine IgG1k monoclonal antibody directed against the Le y antigen. Methods: MX-B3 was labeled with 111 In, purified, and confirmed for its binding to the antigenpositive A431 cell line. Groups of nude mice were inoculated subcutaneously with A431 tumor cells on both hind flanks. A tumor on one flank was treated with pulsed-HIFU; the other tumor was used as an untreated control. Within 10 min after the HIFU exposure, the mice received intravenous 111 In-MX-B3 for imaging and biodistribution studies. Mice were euthanized at 1, 24, 48, and 120 h after injection for biodistribution studies. Results: The HIFU exposure shortened the peak tumor uptake time (24 vs. 48 h for the control) and increased the peak tumor uptake value (38 vs. 25 %ID/g [percentage injected dose per gram] for the control). The HIFU effect on enhancing tumor uptake was greater at earlier times up to 24 h, but the effect was gradually diminished thereafter. The HIFU effect on enhancing tumor uptake was substantiated by nuclear imaging studies. HIFU also increased the uptake of the antibody in surrounding tissues, but the net increase was marginal compared with the increase in tumor uptake. Conclusion: This study demonstrates that pulsed-HIFU significantly enhances the delivery of 111 In-MX-B3 in human epidermoid tumors xenografted in nude mice. The results of this pilot study warrant further evaluation of other treatment regimens, such as repeated HIFU exposures for greater delivery enhancement of antibodies labeled with cytotoxic radioisotopes or pulsed-HIFU exposure in addition to a combined therapy of 90 Y-B3 and taxol to enhance the synergistic effect.
Monocl onal antibodies (mAbs) play a prominent role in cancer therapy. They can interact with specific antigens on cancer cells, thereby enhancing the patient's immune response via various mechanisms, or they can act against cell growth factors, thus arresting proliferation of tumor cells (1, 2) . In the setting of therapy, typically large amounts of antibody are administered over a long period of time to exert a biologic effect (3, 4) . Although considerable research has been performed evaluating mAbs for therapy, limited success has been achieved with antibody monotherapy. Alternatively, mAbs have been armed with cytotoxic radioisotopes to potentiate therapeutic effects. Recently, 2 anti-CD20 mAbs armed with 90 Y-ibritumomab tiuxetan (Zevalin; IDEC Pharmaceuticals) and 131 I-tositumomab (Bexxar; GlaxoSmithKline) have been approved by the Food and Drug Administration for radioimmunotherapy of hematologic malignancies (5, 6) . Other mAbs with cytotoxic radioisotopes targeting different antigens in hematologic malignancies have also shown frequent tumor responses (7, 8) . This contrasts with radiolabeled antibodies targeting solid tumors, which generally have shown little or no evidence of tumor response (9, 10) .
Various impediments have been described in solid tumors to explain the limited targeting of mAbs, including vascular, stromal, and interstitial barriers (11, 12) . Furthermore, as a result of tumor binding-site barriers (13) , radiolabeled mAbs bind primarily to tumor cells nearest to vasculature, thus preventing homogeneous distribution of radiolabeled antibody throughout the tumor. These barriers often result in limited tumor uptake and heterogeneous distribution. Several approaches to overcome these barriers have been investigated, including the use of antibody fragments and pretargeting. Biodistribution studies of radiolabeled fragments have demonstrated that smaller-molecular-weight antibody fragments shorten peak tumor uptake time and increase tumor-toblood radioactivity ratios due to rapid blood clearance and better penetration (14) (15) (16) . However, radiolabeled fragments generally result in lower peak tumor uptake values, faster washout rates from tumors due to a lower binding affinity to tumor antigens, and high renal uptake. Alternative approaches to improve targeting and decrease radiation exposure to the subject are being pursued using 2-or 3-step pretargeting approaches (17) (18) (19) . Pretargeting approaches provide opportunities to decouple the antibody injection from the radiolabel injection, thereby enabling amplification of tumor-to-nontumor background ratios. One disadvantage of pretargeting approaches is that they involve sequential injections of multiple components, including an antibody conjugate, a clearance agent, and a radiolabel. These approaches are complex and, in some cases, the reagents are immunogenic.
In an attempt to explore other methods to improve tumor targeting, we turned to the modality of high-intensity focused ultrasound (HIFU). HIFU is predominantly being used for thermal ablation of prostate cancer and is currently under clinical trials for ablation of other types of cancer, including malignancies of the liver and breast, as well as for uterine fibroids (20) . Tumor ablation involves relatively long, continuous exposures to HIFU to generate the high temperature elevations necessary (20) . In contrast, pulsed-HIFU exposures with relatively ''low-duty cycles'' (low HIFU exposure on/off ratios) generate low levels of heat that are not biologically relevant; instead, various nonthermal mechanisms (e.g., cavitation, radiation forces) come into play. These, in turn, can produce mechanical effects that enhance the permeability of the targeted tissue in a nondestructive manner. In preclinical studies, pulsed-HIFU exposures have been shown to enhance the delivery of various chemotherapeutic agents to tumors-consequently, improving their antitumor effects (21) . These exposures, with the addition of ultrasound contrast agents, have also been used to improve the delivery of HER2 antibodies across the blood-brain barrier (22) . In this study we wanted to determine if preexposing a solid epidermoid tumor to pulsed-HIFU could increase the targeting of a radiolabeled mAb in tumor xenografts.
B3 is a murine IgGlk mAb that reacts with a carbohydrate epitope found on the Lewis y and the polyfucosylated Lewis x antigens. This epitope is abundantly and uniformly expressed by most carcinomas (23) . In preclinical studies, tumor targeting of radiolabeled B3 was investigated in nude mice xenografted with A431, a human epidermoid carcinoma cell line expressing the Lewis y (24, 25) . Biodistribution of 111 In/ 88 Y-radiolabeled B3 antibody has shown good tumor localization in A431 tumor-bearing nude mice (24, 25) . This work led to a phase 1 trial with 111 In-and 90 Y-B3. In this trial, although definite tumor imaging was observed in 20 of 26 patients, no antitumor effect was observed, presumably because of the insufficient dose delivered to tumors before dose-limiting toxicity was reached (10) . Thus, in this study, we explored whether pulsed-HIFU could improve the delivery and tumor targeting of B3 in a mouse tumor xenograft system.
MATERIALS AND METHODS

Conjugation of Bifunctional Chelate to mAb B3
The isolation and characterization (23) of mAb B3 and the conjugation of mAb B3 with 2-(p-SCN-Bz)-6-methyl-DTPA ([MX] where DTPA is diethylenetriaminepentaacetic acid) (24) were described previously. The final concentration of MX-B3 conjugate was 10.8 mg/mL. This conjugate was divided into 100-mL aliquots that were stored in a freezer at 280°C until needed.
Radiolabeling of mAb B3 with 111 In
Radiolabeling with 111 In was performed using a method reported previously (24) . Briefly, 74-111 MBq (2-3 mCi) of 111 InCl 3 (PerkinElmer Inc.; 5 mCi/20 mL of 0.05 M HC1) were adjusted to pH 4.2 with 100 mL of a buffer solution containing 0.2 M sodium acetate and 0.025 M sodium ascorbate in a polypropylene vial. Typically, 20 mL of antibody solution (10.8 mg/mL, pH 7) were added and allowed to react at room temperature for 60 min at pH 4.2. To this reaction mixture, 20 mL of 1 mM DTPA were added, and the solution was incubated at room temperature for 15 min to complex any free 111 In ions with DTPA. The radiolabeling yield was determined by instant thin-layer chromatography with silica gel impregnated on glass fiber (ITLC; Gelman Sciences) developed with 10% ammonium acetate in water/methanol (1:1). The radioactivity peak areas were integrated with a Bioscan radiochromatogram scanner (Bioscan, Inc.). On ITLC, the radiolabeled antibody remains at the origin of application and 111 In-DTPA moves with the solvent front. Radiolabeled antibody preparations were purified with a PD-10 size-exclusion column (GE Healthcare Bio-Sciences AB) with phosphate-buffered saline (PBS) as the elution buffer. The radiochemical purity was assessed by high-performance liquid chromatography ([HPLC] Gilson) equipped with a size-exclusion TSK gel G3000SW XL column (7.8 · 300 mm, 5 mm; TOSOH Bioscience, Japan; 0.067 M sodium phosphate/0.1 M potassium chloride, pH 6.8; 1.0 mL/min), an ultraviolet monitor, and an online flow radioactivity detector (Bioscan, Inc.).
Cell Culture
A431, a human epidermoid carcinoma cell line that expresses the Lewis y antigen recognized by B3, was grown in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, penicillin (100 IU/mL), and streptomycin (100 mg/mL) at 37°C in a humidified atmosphere with 5% CO 2 . Cells were harvested with ethylenediaminetetraacetic acid (EDTA)-trypsin, washed with PBS, and resuspended in PBS with 1% bovine serum albumin for immunoreactivity determination or resuspended in PBS only for biodistribution studies.
Cell-Binding Assay
The cell-binding assay was reported previously (18) . In brief, a constant concentration of 111 In-MX-B3 (5 ng) was incubated with 2 · 10 4 to 2 · 10 6 A431 cells for 2 h at 4°C. Cell-bound radioactivity was separated by centrifugation and counted in a g-counter. The percentage of maximum specific cell-bound radioactivity was used as the measure of immunoreactivity.
Tumor Model
Animal experiments were performed under a protocol approved by the NIH Animal Care and Use Committee. Tumor xenografts were established by subcutaneous inoculation of 3 · 10 6 A431cells in 0.1 mL PBS into each flank of athymic mice (NCI-DCT).
Pulsed-HIFU System
The pulsed-HIFU exposures were performed using a custombuilt, image-guided HIFU system, modified from a Sonoblate 500 (Focus Surgery). The probe was composed of both a spheric, concave therapeutic transducer (1 MHz; 5-cm diameter, 4-cm focal length) and a collinear imaging transducer (10 MHz; 8-mm aperture). The therapeutic transducer's focal zone was in the shape of an elongated ellipsoid, with an axial length (23 dB) of 7.2 mm and a radial diameter (23 dB) of 1.38 mm.
Pulsed-HIFU Exposures
Pulsed-HIFU exposures were performed as described previously (26) . For all mice receiving pulsed-HIFU exposures, only 1 of 2 tumors was treated with HIFU. Mice were kept anesthetized with inhaled isoflurane (2% in O 2 , 1 L/h) throughout the exposure process. Both tumors were covered with ultrasonic coupling gel. An individual mouse was secured in a holder, which was connected to a 3-dimensional stage, and then placed upright in a tank of degassed water (37°C). The stage was used to position the tumor directly at the focal zone of the transducer using the graphic user interface of the pulsed-HIFU system. The beam was directed at the center of the tumor's depth (z-dimension). A rastering pattern in the x-and y-plane was designated in a 2-dimensional grid, with a lateral (x) and vertical (y) spacing of 2 mm between raster points. The following exposure parameters were used: total acoustic power (TAP), 20 or 40 W; pulse repetition frequency, 1 Hz; duty cycle, 5% (50 ms ''on'' and 950 ms ''off''). One hundred pulses were given at each raster point.
Biodistribution Studies
Pulsed-HIFU exposures were performed when tumors reached an approximate size of 0.5 cm 3 . At this size, a typical pulsed-HIFU exposure lasted 8-15 min. Groups of 5 mice were injected intravenously with 111 In-MX-B3 (74 kBq/1.5 mg) in 0.2 mL of PBS, pH 7.2, containing 1% bovine serum albumin. When animals received both pulsed-HIFU exposures and injections of 111 In-MX-B3, the exposures always preceded the injections. The animals were euthanized at 1, 24, 48, and 120 h by CO 2 inhalation and exsanguinated by cardiac puncture before dissection. Blood and various organs were excised and weighed, and their decaycorrected radioactivity counts were measured with a g-counter (PerkinElmer Inc.). The percentage of injected dose per gram (%ID/g) of the blood or each organ was calculated and normalized to a 20-g mouse. The whole-body radioactivity count was obtained by adding the radioactivity of all organs to that of the carcass as measured by the g-counter, and the radioactivity was expressed as the percentage of the injected dose (%ID). Tumor-to-blood and tumor-to-tissue ratios (%ID/g in the HIFU-treated tumor divided by the %ID/g in normal tissue) were also determined. Timeactivity curves for 111 In-MX-B3 were generated from the mean %ID/g in both tumors. The area under the curve (AUC) (%ID · h/g) was then calculated using a trapezoid integration from 1 to 120 h (25) .
Imaging Studies
Nuclear imaging of tumor-bearing mice was performed using an A-SPECT system (Gamma Medica Instruments) with a 2-mm pinhole collimator. Mice were injected intravenously with 11 MBq (32 mg) of 111 In-MX-B3 after the HIFU treatment. The animals were anesthetized with ketamine (60 mg/kg)/xylazine (10 mg/kg) immediately before imaging. Static imaging was acquired for 40,000 counts at 1, 24, and 120 h after injection.
Histology
Both exposed and unexposed tumors were collected for histological analysis, as well as skin, bone, and thigh muscle adjacent to the exposed tumors. Immediately after exposures, animals (n 5 3) were euthanized. Tissues were removed, placed in formalin for 24 h at 4°C, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Samples were viewed at 200· magnification with an Axioplan2 imaging microscope (Zeiss) with an AxioCam digital camera, using AxioVS40 4.4 software.
RESULTS
Radiolabeling and Cell Binding
The 111 In-labeling yield of MX-B3 was .92% based on the ITLC analysis. The radiochemical purity of the PD-10-purified 111 In-MX-B3 was 100% on the basis of the ITLC analysis, but the size-exclusion HPLC profile of the purified 111 In-MX-B3 showed 2 antibody components: 93% of the radioactivity was associated with monomeric B3 (retention time, 9.3 min) and the remaining radioactivity was associated with a broader peak (retention time, 8.0 min), presumably representing a dimeric form of B3. We used 111 In-MX-B3 with an immunoreactivity of 70% and a specific activity of 8-12 mCi/mg for animal studies.
Effect of HIFU on Uptake of 111 In-MX-B3 in Tumors and Organs
The effect of the HIFU exposure on tumor uptake was investigated with a TAP of 20 or 40 W. At 20 W, there was no difference in tumor uptake between the HIFU and the control tumors when the tumor uptake was investigated by nuclear imaging at 1, 24, and 120 h after injection. In contrast, the HIFU exposures at 40 W resulted in earlier and more intense visualization of tumor than the control without the HIFU (Fig. 1) . Therefore, for the remainder of the study, a TAP of 40 W was used to quantitatively investigate the effect of HIFU exposure on tumor uptake. The biodistribution of 111 In-MX-B3 was studied at 1, 24, 48, and 120 h after HIFU exposure. The results of the experiments are summarized in Figure 2 . 111 In-MX-B3 decreased gradually from blood, whereas the radioactivity increased in tumors and major organs over time. The highest level (37.55 6 16.37 %ID/g) of 111 In-MX-B3 in the pulsed-HIFU-exposed tumors was observed at 24 h, whereas the highest tumor uptake (24.99 6 2.40 %ID/g) in the control tumors without the pulsed-HIFU exposure was observed at 48 h. The uptake in tumors with the pulsed-HIFU exposure was .2 times higher than that in the control tumors at 1 h (2.57; P , 0.05) and 24 h (2.13; P , 0.02), but the uptake in the pulsed-HIFU-exposed tumors decreased almost to the level of the control tumors at 120 h (Fig. 2) . The AUC analysis for the tumor uptake and retention curves of the HIFU-exposed tumors and the control tumors resulted in 3,433 6 886 (%ID · h/g) and 2,521 6 352 (%ID · h/g), respectively, for a 120-h period (P , 0.04). Tumor-toblood and tumor-to-organ ratios increased over time for the tumors with and without pulsed-HIFU exposure, indicating preferential retention of 111 In-MX-B3 in tumors (Fig. 3) . The imaging studies (Fig. 1 ) also substantiated the results from the biodistribution studies showing earlier and greater uptake in HIFU-exposed tumors at 1 and 24 h with equalization to the level of the control tumor at 120 h.
Effect of HIFU on Accumulation of 111 In-MX-B3 in Surrounding Tissues
To assess the effect of the pulsed-HIFU exposure on the antibody accumulation in the tissues that were in close proximity to the exposed tumor, we studied the accumulation of the antibody in the muscle and bone under the exposed FIGURE 1. Images of A431 tumor-bearing nude mice receiving intravenous 111 In-MX-B3. Tumors were exposed to pulsed-HIFU with 2 exposure parameters: TAP of 20 W (A) and TAP of 40 W (B); pulse repetition frequency, 1 Hz; duty cycle, 5% (50 ms on and 950 ms off). One hundred pulses were given at each raster point. Within 10 min, mice were injected intravenously with 11 MBq (32 mg) of 111 In-MX-B3. Static imaging was acquired for 40,000 counts at 1, 24, and 120 h after injection and immediate anesthetization with ketamine (60 mg/kg)/xylazine (10 mg/kg). Pulsed-HIFU-exposed tumors are indicated by arrows. Animals pulsed at 40 W had earlier and higher uptake than those treated at 20 W. The difference between treated and nontreated tumors at 40 W was equalized by 120 h. and uptake was measured at 1, 24, 48, and 120 h after injection. Data are shown as %ID/g of tissue and were normalized to a 20-g mouse (mean 6 SD). Insertion is uptake and retention of 111 In-MX-B3 in A431 tumors. Pulsed-HIFU (p-HIFU) exposure shortened peak tumor uptake time and increased peak tumor uptake value compared with that of untreated control tumors. AUC calculation for 120-h period resulted in a 1.4· higher value for pulsed-HIFU-exposed tumors than that for control tumors. *P , 0.05. tumor and in skin on top of the exposed tumor, as well as inside the thigh of the exposed limb. The results are summarized in Figure 4 . The highest relative effect of HIFU on the accumulation of antibodies was observed in muscle under the treated tumor. Accumulation in the muscle peaked at 24 h after treatment, reaching a nearly 10-fold increase compared with that of the control side. However, the absolute increase in the HIFU-exposed muscle was relatively low as the basal level of the antibody accumulation in the muscle tissue was only 5% of that in the tumor. Histological analysis of the skin, tumor, muscle, and bone in both the treated and untreated flanks did not reveal any structural damage caused by HIFU treatment (Fig. 5) .
DISCUSSION
It was previously demonstrated that pulsed-HIFU exposures in solid tumors could enhance the delivery of various types of agents (small molecules, nanoparticles, plasmid DNA) in murine models. As a result of this enhancement, an increase in the therapeutic effects of these agents was achieved (26) . The purpose of the current study was to investigate if pulsed-HIFU exposures could enhance the delivery of an mAb, 111 In-MX-B3, to a solid human epidermoid tumor in a murine model. The tumor uptake and retention of 111 In-MX-B3 in the control tumors not receiving the pulsed-HIFU exposure was similar to that reported previously (24, 25) . In contrast, the pulsed-HIFU exposure increased the tumor peak uptake value (37.55 6 16.37 vs. 24.99 6 2.40 %ID/g for control tumor) and shortened the peak tumor uptake time (24 vs. 48 h) compared with the control tumor. Ongoing mechanistic studies on the delivery enhancement by pulsed-HIFU in solid tumors would seem to preclude heat generation or acoustic cavitation (27) , which have been shown to facilitate the delivery of drugs. Instead, it has been proposed (27) that pulsed-HIFU generates acoustic radiation forces that occur due to absorption of energy in the focal zone, thereby producing local displacements in the tissues in and around the focal region. Nonuniform displacement between adjacent regions of tissue can induce shear forces, by which the resulting strain acts on the weakest structural elements in the tissue; junctions, and interfaces between individual cells and factors in the extracellular matrix (ECM). Widening of intercellular gaps, for example, due to both focused and unfocused ultrasound exposures, has been shown previously (28, 29) . Results of the present study show that exposures at 20 W do not produce enhanced delivery of the mAb, whereas at 40 W the delivery was enhanced. Increased delivery of nanoparticles in murine tumors, using the same exposure has been correlated with increasing power, whereby displacements induced in the tissue were also proportionally increased (27) . Effect of pulsed-HIFU exposure to tumor on uptake (%ID/g, n 5 4;6) of 111 In-MX-B3 in muscle, skin, and bone near tumor (mean 6 SD). *0.01 , P , 0.05; **0.001 , P , 0.01; ***P , 0.001. Significant differences were observed between skin, muscle, and bone in HIFU-treated and non-HIFU-treated side. w/ 5 with; w/o 5 without. The HIFU effect found on antibody uptake is consistent with a hypothesis that the improved extravasation of the radiolabeled antibody was primarily induced by the lowering of high interstitial fluid pressure (IFP) by the HIFU exposure. Because the mAb B3 in the present study was able to penetrate into the control tumor tissue on its own, it is believed that potential widening of the intercellular space (endothelial junction) between endothelial cells in the tumor vasculature may have been less important than effects produced in the parenchyma. High IFP is known to reduce the driving force for extravasation in tumors despite large gaps in the endothelium (30) and severely limits the delivery of drugs (26) . On the other hand, widening of intercellular gaps between parenchymal cells and disruption of fibrillar collagen may have led to improved hydraulic conductivity, redistribution of fluid, and, ultimately, lower IFP for improved extravasation. The opening up of intercellular spaces in tissues exposed to ultrasound has been shown to improve nanoparticle transport in the interstitium. Disruption of fibrillar collagen in the ECM was found to enhance interstitial transport (31) and the distribution of therapeutics (32) .
The pulsed-HIFU approach may provide some advantage over 2 other approaches currently under investigation to improve tumor targeting: the use of antibody fragments (14-16) and 2-or 3-step pretargeting methods to improve tumor-targeting kinetics (17) (18) (19) . In contrast to radiolabeled fragments that can improve the peak tumor uptake time at the expense of lowering peak uptake values due to rapid renal excretion, pulsed-HIFU exposure improved both tumor uptake kinetics and the peak tumor uptake value. Compared with pretargeting approaches involving multiple injections of multiple components-including an antibody conjugate, a clearance agent, and a radiolabel-the use of pulsed-HIFU to enhance delivery involves the injection of a single agent, radiolabeled antibody.
Tumor uptake in this study reached a maximum level at 24 h, with the pulsed-HIFU peak value being twice as great as that without the pulsed-HIFU treatment, but decreased to the level of the control tumor at 120 h. The radioactivity ratio of the HIFU tumor to control tumor was 2.6, 2.1, 1.3, and 1.2 at 1, 24, 48, and 120 h, respectively. On the basis of our findings, the HIFU-exposed tumors did not have visible histological differences compared with the untreated controls. These results are consistent with previous studies using the same exposures in murine tumors, where no damaging effects in the tissues were observed (26, 33) . Nor was there inhibition of tumor growth rates compared with the untreated controls (26) . The tumor uptake kinetics (Fig. 2) suggest that a substantial portion of the additional antibody in the HIFU-exposed tumors might not have bound to antigens on tumor cells and that this excess unbound antibody or antibody bound to soluble antigen in extracellular fluid might have washed out of the tumors over time. It is also possible that the pulsed-HIFU exposure affected antigen expression, modulation, shedding, and antibody-binding affinity of Lewis y antigen, and these may have limited the level of antibody binding to the HIFU-exposed tumor to the level of the control tumor uptake at 120 h. However, the effect of pulsed-HIFU on tumor cell antigens is unknown and must be investigated. Nevertheless, the enhancement in tumor uptake kinetics and tumor uptake value by pulsed-HIFU is encouraging in that a-and b-particles in the extracellular fluid in the vicinity of tumor cells would effectively irradiate tumor cells because the distance between the capillary and tumor cells is generally in the range of 0-100 mm, whereas the radiation track distance in tissues is ;60 mm for a-emitters and 1-5 mm for b-emitters (34) (35) (36) .
Calculating the AUC for the 120-h period of the study indicated that a single pulsed-HIFU treatment could increase the radiation exposure dose of tumors by 36% compared with untreated control tumors. In light of the fact that, in tumorbearing nude mouse models, solid tumors respond-albeit only a small percentage-to monotherapy using 90 Y-labeled mAb at the maximum tolerated dose (MTD), whereas the cure rate increases synergistically at well below the MTD when 90 Y-labeled mAb is combined with taxol (37) (38) (39) , it is more likely that the 36% increase in cumulative radioactivity delivered to tumor is significant enough to provide an enhanced synergistic effect when pulsed-HIFU treatment is added to a combination therapy of 90 Y-labeled mAb with taxol. We believe that pulsed-HIFU treatment might potentially provide complete response when added to a combined therapy of 90 Y-mAb and taxol at doses much below MDT, thereby increasing the therapeutic index.
The biodistribution of 111 In-MX-B3 in mice with pulsed-HIFU-exposed tumors was similar to that reported previously for mice without pulsed-HIFU exposure (24, 25) ; the uptake in blood, lung, and bone was almost identical in these studies. However, uptake in other organs, such as liver, spleen, and kidney, was slightly higher in this study, perhaps because the 111 In-MX-B3 prepared for this study contained a small fraction (7%) of a dimeric or higher molecular form of B3 that was taken up by reticular endothelial cells in the liver and spleen or catabolized into smaller antibody fragments that were then taken up by the kidneys, thereby resulting in a slight increased uptake in these organs. Nevertheless, the lack of increased radioactivity in blood or distant bone indicates that HIFU should not cause any unexpected toxicity to bone marrow. For the future radioimmunotherapy study with 90 Y-MX-B3, we will remove the dimer and oligomers of B3 by size-exclusion HPLC and use only a monomeric form of B3.
The main limitation of this study is the relatively small size of the tumors, which were similar in size to the focal zone of the HIFU beam produced by our device. As a result, energy deposition in the adjacent skin and muscle was high enough to produce delivery enhancement, evident by the increased levels of antibodies detected in those tissues compared with the control side (Fig. 4) . Acoustic radiation forces, and consequent displacements generated in the tissue, are typically higher at tissue interfaces (e.g., skin/tumor and tumor/muscle), where increased reflection of ultrasound waves occurs (40) . The highest relative effect of HIFU on the accumulation of the antibody was observed in muscle under the treated tumor. Accumulation in the muscle peaked at 24 h after treatment, reaching a nearly 10-fold increase compared with the control side. However, the absolute increase in the HIFU-exposed muscle was relatively low as the basal level of the antibody accumulation in the muscle tissue was only 5% of that in the tumor. We investigated only the HIFU effect on the delivery to skin and muscle surrounding the HIFU-exposed tumors because the tumors were in the flank away from liver, spleen, and kidney and the focal zone of the HIFU beam was similar in size to the tumor size. This phenomenon of the enhanced uptake in normal tissue would be minimized when treating larger tumors in human patients because, in those cases, the focal zone could be placed sufficiently distant from adjacent, nontumor tissue. For instance, when using continuous HIFU exposures for ablation, tumors can be treated very accurately with negligible effects on surrounding healthy tissue (20) .
CONCLUSION
We have demonstrated that noninvasive and nondestructive pretreatment with pulsed-HIFU significantly enhances the delivery of 111 In-MX-B3 in human epidermoid tumors xenografted in nude mice, with more rapid uptake and higher overall levels of the mAb being achieved in targeted tumor. The results of this pilot study warrant further evaluation of other treatment regimens, such as repeated HIFU exposures that could potentially result in even greater delivery enhancement of antibodies labeled with cytotoxic radioisotopes to solid tumors and pulsed-HIFU exposure in addition to a combined therapy of 90 Y-B3 and taxol to further enhance the synergistic effect.
